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PELAGIC FISH RECRUITMENT SUCCESS AND REPRODUCTIVE STRATEGY 
IN UPWELLING AREAS: ENVIRONMENTAL COMPROMISES 
C. ROY*, P. W R Y *  and S. KIFANrt 
Past work has shown that indices of recruitment or abundance of pelagic fish in eastem boundary currents can 
be both negatively and positively related to upwelling intensity. Such results question the existence of a unified 
theory relating recruitment with the environment in upwelling areas. However, positive and negative correlations 
may both be valid if the relationship between recruitment and upwelling intensity is dome-shaped, as suggested by 
the “optimal environmental window” hypothesis. New evidence for such a relationship is presented for the 
Moroccan sardine Sardina pilchardus and the northem anchovy Engraulis m o r h .  Recruitment success increases 
with upwelling intensity when wind speed is low to moderate. In areas or periods of strong wind, recruitment 
success decreases with upwelling intensity. Using a comparative approach, the spatial and temporal reproductive 
dynamics of West African coastal pelagic fish are investigated. In some areas, the spawning season coincides with 
the upwelling season, but in other areas spawning and upwelling are out of phase. High reproductive activity co- 
incides with the seasonal occurrence of wind speed of about 5-6 m.~-!, which is the value defined as the “optimal 
environmental window”. This pattem is hypothesized to be the response, from an evolutionary point of view, of a 
long-term reproductive adaptation to the environment that maximizes recruitment success. 
Vorige werkhet getoon dat indekse van rekrutering of talrykheid van pelagiese vis in oosgrensstrome sowel ’n 
negatiewe as ’n positiewe verband met opwelintensiteit kan hê. Sulke bevindmge bevraagteken die bestaan van ’n 
gesamentlike teorie wat rekrutering in verband bring met die omgewing in opwelstreke. Positiewe en negatiewe 
korrelasies kan egter albei geldig wees as die verband tussen relautering en opwelintensiteit koepelvomig is soos 
deur die hipotese van ’n “optimale omgewingsvenster” gesuggereer word. Nuwe bewyse vir so ’n verband word 
vir die Marokkaanse sardyn Sardina pilchardus en die noordelike ansjovis Engraulis mordax aangebied. 
Rekruteringsukses neem toe soos opwelintensiteit toeneem by lae tot matige windsnelheid. In streke of tydperke 
van sterk wind neem rekruteringsukses af met toenemende opwelintensiteit. Deur gebruik te maak van ’n ver- 
gelykende benadering word die voortplantingsdinamika yan Wes-Afrikaanse pelagiese kusvis in mimte en tyd 
ondersoek. In sommige gebiede val die kuitskiet- en die opwelseisoen saam, maar in ander is hulle uit fase. Hoë 
voortplantingsbedrywigheid val saam met die seisoensvoorkoms van windsnelheid van sowat 5-6 m.s-1, die 
yaarde wat as die “optimale omgewings-venster” gedefinieer is. Die hipotese is dat hierdie patroon die reaksie, uit 
n evolusionêre oogpunt, is van ’n langtemynse voortplantingsaanpassing by die omgewinp wat rekrutering- 
sukses maksimaliseer. 
Whereas the total world catch of marine fish has 
been stable over the past few decades, the contribution 
of clupeoids has declined from one-half to one-third 
(Smith 1985). This decline is attributable mainly to 
large fluctuations in the catches of clupeoids in up- 
welling areas. Recently, Beverton (1990) stressed that 
fishing and excessive depletion has the potential to 
cause temporary disappearance of local pelagic stocks 
and disruption of ecosystems. An abundant and well- 
documented literature is now available on pelagic fish 
of the world’s upwelling areas (Sharp and Csirke 
1983, Pauly and Tsukayama 1987, Payne et al. 1987, 
Crawford et al. 1987, Pauly et al. 1989, Cuy  and Roy 
1991). The main conclusion drawn from all these 
studies is that the environment plays an important role 
in the dynamics of pelagic fish, even if fishing in- 
creases their natural instability. 
Scientific progress in the problem area of recruit- 
ment variability has been made by combining results 
at different temporal or spatial scales. The physical 
environment at scales of motion comparable with 
feeding scales of larvae has shown the negative effects 
of wind-generated turbulence on larval survival 
(Lasker 1981, Peterman and Bradford 1987), or more 
recently a positive effect on planktonic contact rates 
(Rothschild and Osbom 1988, MacKenzie and Leggett 
1991). At a population level, the importance of food 
availability for larvae led Cushing (1975, 1990) to 
formulate the “match-mismatch” hypothesis, in which 
the annual production of fish larvae matches or mis- 
matches the production of their food. For pelagic fish 
in the W o r n i a  Current, Parrish et al. (1981) suggested 
that wind-induced offshore transport of surface water 
may have a detrimental effect on recruitment success. 
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Fig. 1 : An exam le of negative and positive correlations between catch and upwelling index obtained for the same 
species bardina ilchardus) at two different locations - (a) a positive correlation between the Moroccan 
sardine catch in g n e  B and the upwelling index for the preceding three years, from 1970 to 1981 (after 
Belvèze and Erzini 1983); (b) a negative correlation between the Iberian catch of sardine and the upwelling 
index in April at Porto over the preceding three years, from 1954 to 1984 (after Dickson et al. 1988, by 
permission Oxford University Press) 
Although the turbulence mechanism acts to cause larval 
starvation on a time-scale of a few days, the transport 
hypothesis acts on much longer time-scales and in- 
directly may cause mortality of late larvae and juve- 
niles by displacing them from the favourable coastal 
environment. In some rare cases, longshore transport 
may have a beneficial effect by transporting eggs and 
larvae in the direction of the recruitment ground 
(Shelton and Hutchings 1982). The “transport hypoth- 
esis?’ has been generalized by Sinclair (1988) in a 
“member/vagrant’’ theory, in which the importance of 
spatial scale constraints is developed. 
Many attempts have been made to correlate environ- 
mental fluctuations to recruitment indices. For the 
South African pilchard Sardinops ocellatus, the rela- 
tionship between year-class strength and sea-surface 
temperature is positive in the southem Benguela 
(Shelton et al. 1985) but negative off Namibia 
(Shannon et al. 1988). The potential influence of envi- 
ronmental factors on the recruitment success of an- 
chovy Engraulis capensis and pilchard in the pelagic 
fishery off South Africa appears to be strongly buffered 
in the pulsing and variable southem Benguela (Hutchings 
and Nelson 1985). For the Iberian sardine Sardina 
pilchardus, Dickson et al. (1988) found a negative 
correlation between catch and upwelling indices (Fig. l), 
in total contrast to the fmdings of Chesney and Alonso- 
Noval (1989). In a nearby area, Belvbze and Erzini 
(1983) found a positive relationship between the catch of 
Moroccan sardine Sardina pilchardus and upwelling 
(Fig. 1). 
In this paper, an attempt is made to reinforce the 
“Optimal Environmental Window” (OEW) hypothesis 
presented by Cury and Roy (1989). This hypothesis sug- 
gests that, in upwelling areas, a dome-shaped relation- 
ship exists between recruitment success and upwelling 
intensity. By means of a comparative approach, the 
spatial and temporal reproductive dynamics of coastal 
pelagic fish in West Africa are investigated in regard 
to the dome-shaped relationship between recruitment 
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Fig. 2: Theoretical relationship between recruitment and envi- 
ronmental factors in upwelling areas (adapted from 
Cury and Roy 1989) 
and upwelling intensity. 
“OPTIMAL ENVIRONMENTAL WINDOW” 
AND RECRUITMENT SUCCESS 
Because many environmentally based models for 
marine fish recruitment have failed or deteriorated 
when tested with new data sets, they have sometimes 
been strongly criticized (Walters and Collie 1988). 
Does that mean that results obtained previously are 
spurious and just artefacts? There may be some reasons 
why the models failed. For instance, the dynamics of 
the ecosystem may have changed with time and new 
factors may have come into play. Dominance of other 
species (Skud 1982, Cury 1988, Shannon et al. 1988) 
or change in environmental key factors (Binet et al. 
1991) may then be identified. The relationships be- 
tween the variables may also be nonlinear and the use 
of linear regressions (or a priori transformations) may 
result in rejection of possible nonlinear links. 
Attention will be focused on this last point. 
Theoretical and statistical approaches 
The OEW hypothesis assumes that the relation 
between recruitment and upwelling indices is dome- 
shaped (Fig. 2). The nonlinearity of the curve is ex- 
plained by considering the positive or negative effects 
of several environmental factors. On the left side of 
the curve, wind and upwelling intensities are weak to 
moderate; enhanced food production or increased 
encounter rate between larvae and food particles as a 
result of small-scale turbulence may then be beneficial 
for survival of larvae. On the right side of the curve, 
upwelling is strong, and wind-mixing and offshore 
transport are then detrimental factors (Fig. 2). 
In analysing the relationship between recruitment 
and environmental factors, most studies use linear statis- 
tical methods or assume an a priori transformation 
(e.g. a log-transformation). A statistical technique devel- 
oped by Breiman and Friedman (1985) empirically esti- 
mates optimal transformations for multiple regressions. 
The response variable Y and the @ctor variables X1, . . . , 
X, are replaced by functions Tl(Y) and T (X1), . . . , 
Tp+l(Xp). The algorithm estimates these knctions Ti 
by minimizing 
An iterative algorithm (ACE: Alternating Condi- 
tional Expectation) permits the calculation of those 
transformation functions which do not belong to a par- 
ticular parameterized family and which are even not 
monotonic. The algorithm converges to an optimal 
solution and does not produce a given equation, but 
rather an empirical smoothed transformation of each 
of the data points for each variable. The transformation 
is not expressed in a particular unit (unless a functional 
trqsformation can be discemed from the plot) and its 
shape is found by plotting the transformed values of a 
variable versus the original values. 
Comparative ecological validation 
Five pelagic fish stocks from different upwelling 
areas were analysed using this exploratory statistical 
method (Cury and Roy 1989). The comparative ap- 
proach revealed a dome-shaped relationship between 
recruitment success of pelagic fish and upwelling 
intensity and an OEW for wind speeds of roughly 
5-6 mes-’. 
Using new estimates of recruitment for the Peruvian 
anchoveta, Mendelssohn (1989) obtained similar results. 
With extended time-series for the Pacific sardine, 
Ware and Thompson (1991) support the existence of 
an optimal environmental window, but at a wind speed 
of around 7-8 mas-’. Using catch per unit of effort 
J 
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Fig. 3: Relationship between recruitment index of the central 
stock of the Moroccan sardine Sardina pilchardus (esti- 
mated as O-year age-class from cohort analysis - 
F.A.O. in prep.) and mean upwelling index calculated 
from wind speed data at Essaouira - (a) 1976-1 987, 
(b) 1976-1980 (to compare with the results obtained 
by Belvèze and Erzini 1983) 
' 
(cpue) of the Moroccan sardine as a function of past 
environmental data, Orbi et al. (1991) showed that the 
relationships between cpue and the previous two 
years' upwelling indices were dome-shaped. 
THE MOROCCAN SARDINE SARDINA PILCHARDUS 
A recruitment index for the central stock of Moroccan 
sardine was estimated from 1976 to 1987 by means of 
cohort analysis (F.A.O. in prep.). A mean annual up- 
1992 
welling index in the reproductive area between 27 and 
30'N is calculated during the reproductive season 
(January -March) from coastal wind data collected 
slightly farther north at Essaouira (3 1'40"). The rela- 
tionship between recruitment and upwelling intensity 
appears to be dome-shaped for upwelling indices lower 
than 0,3 tons. s-l. m-1 or higher than 0,5 tons. s-l. m-l, 
the recruitment decreases. It is at a maximum for an 
upwelling index of some 0,45 tons. s-l*m-I (Fig. 3a). 
This corresponds to a wind speed at Essaouira of about 
4-5 m. s-l. The optimal transformations for the multiple 
regression between recruitment index, adult biomass 
and upwelling index are presented in Figure 4. The 
transformed variables explain 79 per cent of the recruit- 
ment variability. The transformation of the recruitment 
is linear and the transformation of the adult biomass 
appears to be decreasing (Fig. 4). The transformation 
of upwelling index is dome-shaped and similar to a 
smoothing of the raw data plotted on Figure 3a. The 
wind speed measured at Essaouira appears to be lower 
than the wind in the spawning area, as estimated from 
maritime reports. This would explain the low value of 
wind speed for the OEW off Morocco given by this 
analysis. 
The dome-shaped relationship between recruitment 
and upwelling indices appears to be different from the 
linear positive relation obtained by Belvèze and Erzini 
(1983). However, when considering the same time 
period (prior to 1980), results are similar (Fig. 3b). 
After 1980, upwelling was stronger in that area and 
apparently had a negative effect on recruitment (Fig. 3a). 
THE NORTHERN ANCHOVY ENGRAULIS MORDAX 
Methot (1989) combined the analyses of catch, 
t 
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Fig. 4: Optimal empirical transformations for recruitment (million tons), adult biomass (million tons) and upwelling 
index (tons.!à-1.m-1) for the Moroccan sardine from 1976 to 1987 (biological data from F.A.O. in prep.; mean 
upwelling index calculated from wind speed data at Essaouira) 
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Fig. 5: Optimal empirical transformations for the northern ancho total biomass (million tons) and the upwelling 
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abundance and age composition data of the central 
population of northem anchovy into a stock synthesis 
model and produced estimates of total and spawning 
biomasses and of recruitment indices. However, the 
estimates of spawning biomass and total biomass are 
not independent. The recruitment index is calculated 
on the basis of certain assumptions as to the anchovy's 
availability to the Mexican fishery. For an initial 
consider independent times-series, the total biomass 
estimates (Methot op. cit.) and the annual mean of the 
upwelling index calculated in the spawning area at 
33"N, 119"W were used, both for the period 1954-1986. 
The time-series of total biomass is assumed to 
describe the interannual fluctuations in population 
rd analysis of the northern anchovy, and in order to 
abundance from 1954 to 1986. It was related to the 
upwelling index one, two and three years before in 
order to take into account the environmental effect on 
fish one, two or three years old. The transformations 
are presented in Figure 5; they explain 71 per cent of 
the total variance in biomass. The transformation of 
the total biomass has an approximately logarithmic 
shape, with an inflection point at around 0,5 million 
tons. The shape of the upwelling transformations 
lagged by one, two and three years are similar and 
dome-shaped, with an inflection point at an upwelling 
value of some 1,5 tons.s-l.m-l. At 33"N, this value 
corresponds to an average wind speed of about 5-6 
mes-'. 
From the abundance of anchovy larvae off southem 
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California between 1951 and 1990, Cury et al. (in 
prep.) found that fewer larvae were produced when 
upwelling intensity was both weak or strong. Smith 
and Eppley (1982) correlated the abundance of anchovy 
larvae with primary production and zooplankton 
standing stock, and concluded that "the. intensity of 
spawning activity of the adult anchovy in part depends 
on zooplankton abundance three quarters earlier and 
in part on the productivity of the area in the same 
season". The destruction of fine-scale food strata and 
dispersion of anchovy larvae could lead to recruitment 
failure, particularly if unfavourable conditions persist 
through the spawning season (Lasker 1978). Peterman 
and Bradford (1987) gave evidence that high wind 
speed was associated with high mortality rates of lar- 
vae. Husby and Nelson (1982) suggested that "too 
much stability prior to or during a spawning season 
might produce equally adverse spawning conditions 
by severely inhibiting the upward flux of nutrients and 
reducing primary production". A modelling investiga- 
tion confms this hypothesis that there must be opti- 
mal conditions of wind speed, duration and frequency 
of wind events for maximum survival of northem 
anchovy larvae (Wroblewski and Richman 1987, 
Wroblewski et al. 1989). 
PELAGIC FISH REPRODUCTIVE STRATEGY 
A key question arises from the previous results. Is there 
any link between environmental factors for recruit- 
ment success and the reproductive strategy of pelagic 
fish? By means of a comparative approach, the links 
between the environment and the reproductive dynam- 
ics of West African coastal pelagic fish are investigated. 
Spatial patterns 
Several clupeoid spawning areas can be identified 
along the West African coast. They are not distributed 
continuously within the upwelling areas. There are 
three spawning areas off Morocco (Conand 1975, 
Domanevsb and Barkova 1976, Belvèze 1991, Fig. 6): 
south of Cap Sparte1 (36-32"N), from Cap Ghir to 
Cap Juby (30-27"N) and from Cap Bojador to Cap 
Barbas (26-22"N). Off Mauritania and Senegal (Fig. 6), 
spawning activity is intense on the Arguin Bank south 
of Cap Blanc (18"30'-21"N) and from the Cap Vert 
Peninsula to the coast of Sierra Leone (Conand 1977, 
Boèly et al. 1982). Off the Ivory Coast and Ghana, the 
main spawning area of Sardinella aurita is located 
around Cap des Trois Pointes, between 2"W and l'E 
(ORSTOMFRU 1976). 
There are other highly productive regions along the 
West African coast, but they have not been identified 
as main spawning areas even though sporadic spawn- 
ing occurs there. This is the case for the coastline 
north of the Cap Vert Peninsula, where upwelling 
takes place during winter, and for the permanent up- 
welling area between Cap Barbas and Cap Blanc. 
Migrations from highly to apparently less productive 
areas have also been observed at the time of spawning 
along the Moroccan coast (Belvèze 1991). 
. 
INTERPRETATION 
The spawning areas off West Africa are not c o n t i y  
ous along the coast and do not always coincide with 
the location of highly productive areas. This suggests 
that biological production is not the only factor con- 
trolling the spatial distribution of the spawning areas. 
However, the major spawning areas share a common 
topographic feature: they are all located in places 
where the continental shelf broadens or in coastal 
indentations such as a bay or downstream of a cape 
(Roy et al. 1989). Offshore flow from the coastal area 
is minimized in such locations. In certain cases where 
the continental shelf is wide, phytoplankton biomass is 
high and productivity is apparently retained over the 
inner shelf (see Fig. 12 of Roy 1991). This feature 
suggests that the structure of the circulation over a 
wide continental shelf may provide an area of reten- 
tion inshore. Spawning in such areas reduces offshore 
loss of reproductive products and keeps the larvae in a 
productive coastal area. 
Temporal patterns 
The pelagic fish populations off West Africa repro- 
duce throughout the year, but with marked seasonal 
peaks (Fig. 7). From Cap Sparte1 to Cap Juby, Sardina 
pilchardus spawns outside the upwelling season, 
mainly during winter and early spring (Fumestin and 
Fumestin 1959, Belvèze and Erzini 1983). In the 
Sahara region, from Cap Bojador to Cap Barbas, the 
main spawning season coincides with decreasing in- 
tensity of upwelling, from October to December, but 
with a minor spawning peak in April and May 
(F.A.O. 1985). South of Cap Vert, Surdinella aurita 
and S. maderensis reproduce mainly during the upwel- 
ling season (boreal winter and spring), with a major 
peak in May and June (Fréon 1988). At the end of 
June, the adults migrate northwards to reproduce in 
the waters surrounding the Arguin Bank from July to 
August (Boèly et al. 1982.). Along the Ivory Coast, 
142 
Benguela Trophic Functioning 
South African Journal of Marine Science 12 1992 
MONTH 
1 2  3 4 5  6 7 8  9 1 0 1 1 1 2  
I l I I  I I  1 1 1 1 1 1 1 1  
N 
40" 
35" 
30" 
25" 
20" 
15" 
10" 
I I 
Upwelling Intense spawning 
Sparse spawning 
Fig. 7: Spatial and temporal upwelling intensity estimated from 
the difference between offshore temperature and 
longshore temperature (after Wooster et al. 1976) and 
the main re roductive areas and seasons of sardine 
and sardinelfss in the eastern tropical Atlantic, 5-45"N 
(redrawn after Roy et al. 1989) 
Ghana and Congo, S. aurita reproduces mainly during 
the two upwelling seasons, January/February and 
July/August (ORSTOM/FRU 1976). In those areas, S. 
maderensis reproduces throughout the year, but ac- 
tivity is greatest during the two upwelling seasons. 
From this regiord comparison, two different pattems 
emerge. In mid-latitude areas such as Morocco, fish 
avoid spawning during the upwelling season; spawn- 
ing there takes place during winter or early spring. Off 
the Sahara, whqre, upwelling is permanent, spawning 
takes place when upwelling is at a minimum. In low 
latitude areas, the main spawning activity is during the 
decreasing phase of the upwelling (Senegal) or during 
the upwelling seasons (Ivory Coast, Ghana, Congo). 
INTERPRETATION 
Bakun and Parrish (1982) and Parrish et al. (1983) 
showed that the timing of the reproductive season in 
the four main upwelling ecosystems is set to " i z e  
offshore Ekman transpoit. Along the coast of West 
Africa, the Moroccan and the Saharian sardine 
populations show a similar pattem by spawning outside 
the upwelling season (Morocco) or when the upwelling 
is at a minimum (Sahara). However, in low-latitude 
ecosystems, the pattem is contradictory. Off Senegal 
and in the Gulf of Guinea, spawning peaks when 
upwelling weakens or is active, i.e. during a period of 
strong offshore transport. 
Bakun and Parrish (1982) also found a discrepancy 
in this generalization: the Peruvian anchoveta repro- 
duces in a low-latitude area (Chimbote, 9's) during 
the austral winter upwelling, which is the season of 
strongest offshore Ekman transport. Parrish et al .  
(1983) resolved the discrepancy by examining the 
depth of the mixed layer; it varies in phase with 
Ekman transport but with a greater amplitude. The 
thinner mixed layer of the austral summer is apparently 
carried offshore nearly four times as fast as the deeper 
mixed layer in winter. Therefore, spawning of the 
Peruvian anchoveta appears tuned to minimize the 
rapidity of offshore loss of eggs and larvae. 
Off Senegal, coastal advection is directed offshore 
only during the upwelling season; during summer, 
advection from the south-west carries warm tropical 
surface waters onto the continental shelf (Mittelstaedt 
1983). Off the Ivory Coast and Ghana, the summer 
upwelling season is also the time when the eastward 
flow of the Guinea Current reaches its maximum 
(Lemasson and Rébert 1973). Therefore, it is appar- 
ently difficult to associate the occurrence of the repro- 
ductive season in these two areas with any feature that 
minimizes offshore transport. 
The OEW hypothesis offers a complementary means 
of examining possible links between spawning and the 
environment. For the main reproductive areas, it is 
possible to plot the mean monthly wind speed against 
the offshore component of the Ekman transport (i.e. 
the coastal upwelling index defined by Bakun 1973) 
and then to mark the months when reproduction does 
occur (Fig. 8). This allows a comparison between 
areas of the environmental patterns during the repro- 
ductive seasons. Off Senegal, the Ivory Coast and 
Ghana, winds are always weak or moderate. Owing to 
the effect of latitude, Ekman transport and upwelling 
index are higher there than off Morocco, where winds 
are,.stronger. In the four different aqeas, spawning 
peaks at a different vdue of the upwelling index, but 
the peaks coincide with wind speeds of about 6 m. s-l 
(Fig. 8). One could therefore draw the following scheme: 
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Fig. 8: Spawnin activity of sardine and sardinellas in relation to wind speed and upwelling off West Africa, north Morocco 
(30-27Oa]), south Morocco 26 22"N , Senegal (15-9"N) and Ivory Coast (5"N, 2"W to 1°E). Mean monthly up 
dices were calculated using data from maritime reports (see Roy 1991 for details). The upwelling seasons are shaded 
and the months with intense spawning are indicated by a black dot. Note that black dots for all regions are clustered 
around 6 m.s-1 (upper figure); this value corresponds to the average wind intensity of the OEW (lower figure) 
welling indices (tonss-1-m- I -  pare plotted'against mean monthlp wind spe'ed (m.sA1); wind speed and Upwelling in- 
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In areas where wind speed during the upwelling sea- 
son is close to, or lower than, the threshold value of 
6 m. s-*, spawning takes place during the upwelling 
season in order to benefit from enhanced food pro- 
duction. 
In areas where wind speed during the upwelling sea- 
son is higher than the threshold value, spawning oc- 
curs outside the upwelling season or when upwelling 
is at its minimum. This minimizes the negative effect 
of strong wind-mixing on larval survival. 
The interpretation is based on the coincidence of 
the timing of reproductive activity of pelagic fish off 
West Africa with the times when wind speed is some 
5 or 6 m- s-l. In areas such as off north or south Morocco, 
these periods also coincide with the times of the year 
when offshore Ekman transport is at its minimum. For 
these areas, both the offshore transport hypothesis and 
the current interpretation offer a coherent scenario to 
account for the pattems observed. The positive corre- 
lation between mixing and offshore Ekman transport, 
both induced by wind, stands in the way of an ability 
to separate the contribution of these two processes. 
However, the apparent consistency among widely 
separated regions of wind intensity around which spasm- 
ing peaks occur is intriguing. For a given wind speed, 
the magnitude of offshore transport is a function of 
latitude, but wind-mixing is latitudinally independent. 
The apparent consistency of the wind speed associated 
with spawning peaks could be interpreted as a result 
of the dominance of wind mixing over other detrimen- 
tal factors in the timing of reproduction. 
’ 
DISCUSSION 
Clearly, these new examples of the existence of a 
dome-shaped relationship between recruitment of small 
pelagic fish and upwelling support the OEW hypo- 
thesis proposed by Cury and Roy (1989). According to 
the nonlinear relationship between recruitment and up- 
welling intensity, both positive and negative correlations 
between fish recruitment or abundance and environ- 
mental factors may apply in various areas. Intensi- 
fication or relaxation of upwelling may also account 
for changing the sign of the correlation through time. 
In fisheries science, nonlinear relationships need to 
be studied more thoroughly by means of new methods. 
Statistical techniques are now available to explore 
nonlinear relationships between environmental and 
ecological time-series. Therefore, a statistical technique 
such as “optimal transformations in multiple regres- 
sion”, dexeloped bg .Breiman and Friedman. (1985) 
and first introduced to fishery science by Mendelssohn 
1992 
and Cury (1987) and Mendelssohn and Mendo (1987) 
appears to give some new insight into old data sets 
and sometimes provides new evidence for theories 
developed in respect of fish population regulation. 
Validation of the model has been carried out by means 
of a “comparative ecological approach”, an approach 
that appears to be a powerful method in studies of fish 
recruitment (Bakun 1989). 
An interpretation has been proposed to account for 
the different reproductive pattems of pelagic fish that 
have emerged along the West African coast. The spawn- 
ing season is not related to the seasonal occurrence of 
the upwelling, but rather to the seasonal occurrence of wind 
speed of 5-6 mes-’. Fish seem to have solved the 
detrimental effect of offshore transport by selecting 
adequate locations for spawning where the offshore 
loss of reproductive products is minimized. Such 
spawning habits may leave the adjustment of season- 
ality as an available means for dealing with such other 
factors as the detrimental effects of turbulence. The 
reproductive strategy appears to be the result of a com- 
promise between several antagonistic environmental 
factors. For coastal pelagic fish, it may have evolved 
in order to invest most of the reproductive effort when 
the effect of the limiting factors for recruitment suc- 
cess are minimized. From an evolutionary point of 
view, this pattem can be interpreted as the response of 
a long-term adaptation of reproduction to the environ- 
ment for maximizing recruitment success. 
This interpretation of pelagic fish reproductive strategy 
off West Africa gives a complementary explanation to 
the reproductive habits of the Peruvian anchoveta. In 
the low-latitude area off Chimbote (9”S), reproduction 
occurs over a wide continental shelf during periods of 
strong offshore volume transport, but with wind speed 
<6 m*s-’ (see Fig. 8 of Bakun and Parrish 1982). A 
wide continental shelf associated with a wind speed 
lower than the threshold value of the OEW may allow 
the Peruvian anchoveta to reproduce successfully off 
Chimbote during a period of strong offshore transport. 
ACKNOWLEDGEMENTS 
This work is a contribution to the CEOS (Climate and 
Eastem Ocean Systems) project, a NOAA-ORSTOM- 
ICLARM co-operative project supported by the NOAA 
Climate and Global Change Marine Ecosystem 
Response project (U.S.A.) and by the TOA depart- 
ment of ORSTOM (France). We are grateful to Drs A. 
Bakun, R. Mendelssohn and W. Peterson for their 
comments. We also thank Dr D. M. Husby for provid- 
ing us with the Califonaian envkonmentd data. The 
artwork was produced initially by Mr A. Nichols. 
1992 Roy et al.: Pelagic Fish Recruitment and Upwelling Parameters 145 
LITERATURE CITED 
BAKUN, A. 1973 - Coastal upwelling indices, west coast of 
North America, 1946-71. NOAA tech. Rep. NMFS SSRF- 
671: 103 pp. 
BAKUN, A. 1989 - Recruitment in fishery resources and its 
relationship to environment: accessible pathways to greater 
insight. In Memorias del Simposio Internacional sobre 
Recursos vivos y Pesquerías en el Pacifico Sudeste, Viña 
del Mar, Chile, May 1988. BogatB; Comisidn Permanente 
del Pacifico Sur: 25-34. 
BAKUN, A. and R. H. PARRISH 1982 - Turbulence, transport, 
and pelagic fish in the California and Peru current systems. 
Rep. Calif. coop. oceanic Fish. Invest. 123: 99-112. 
BELVÈZE, H. 1991 - Influence des facteurs hydroclimatiques sur 
la pêcherie marocaine de petits pélagiques côtiers. In 
Pêcheries Ouest Africaines. Variabilité, Instabilité et 
Changement. Cuy, P. and C. Roy (Eds). Paris; ORSTOM 
BELVÈZE, H. and K. ERZINI 1983 - The influence of hydro- 
climatic factors on the availability of the sardine (Sardina 
pilchardus Walbaum) in the Moroccan Atlantic fishery. In 
Proceedings of the Expert Consultation to Examine Changes 
in Abundance and Species Composition of Neritic Fish 
Resources, San José, Costa Rica, April 1983. Sharp, G. D. 
and J. Csirke (Eds). FAO. Fish. Rep. 291(2): 285-327. 
BEVERTON, R. J. H. 1990 - Small marine pelagic fish and the 
threat of fishing; are they endangered? J. Fish Biol. 37 
BINET, D., MARCHALE, E. and O. PEZENNEC 1991 - 
Sardinella aurita de Côte-d’Ivoire et du Ghana: fluctuations 
halieutiques et changements climatiques. In Pêcheries 
Ouest Africaines. Variabilité, Instabilité et Changement. 
BOÈLY, T., CHABANNE, J., FRÉON, P. and B. STEQUERT 1982 
- Cycle sexuel et migrations de S. aurita sur le plateau 
continental ouest-africain des îles Bissagos à la Mauritanie. 
Rapp. P-v. Réun. Cons. perm. int. Explor. Mer 180: 
B R E W ,  L. and J. H. FREDMAN 1985 - Estimating optimal 
transformations for multiple regression and correlation. 
J. Am. statist. Ass. 80(391): 580-598. 
CHESNEY, E. J. and M. ALONSO-NOVAL 1989 - Coastal up- 
welling and the early life history of sardines (Sardina 
pilchardus) along the Galician coast of Spain. Rapp. P-v. 
Réun. Cons. perm. int. Explor. Mer 191: 63-69. 
CONAND, F. 1975 - Distribution et abondance des larves de 
clupéidés au large des côtes du Sénégal et de Ia Mauritanie 
en septembre, octobre et novembre 1977. ICES CM 1975lJ4 
9 pp. (mimeo). 
CONAND, F. 1977 --.Oeufs et larves de la sardinelle ronde 
(Sardinella aurita) au Sénégal: distribution, croissance, mor- 
talité, variations d‘abondance de 1971 à 1976. Cah. ORSTOM, 
sé% Océanogr. 15(3): 201-214. 
CRAWFORD, R. J. M., SHANNON, L. V. and D. E. POLLOCK 
1987 - The Benguela ecosystem. 4. The major fish and 
invertebrate resources. In Oceanography and Marine 
Biology. An Annual Review 25. Barnes, M. (Ed.). 
Aberdeen; University Press: 353-505. 
CURY, P. 1988 - Pressions sélectives et nouveautés évolutives: 
une hypothese pour comprendre certains aspects des fluctua- 
tions à long terme des poissons pélagiques côtiers. Can. J. 
Fish. aquat. Sci. 45(6): 1099-1107. 
CURY, P. and C. ROY 1989 - Optimal environmental window 
and pelagic fish recruitment success in upwelling areas. 
Can. J.  Fish..aquat. Sci- 16;670-680. 
CIJRY, P. and C. ROY (Eds) 1991 - Pêcheries Ouest Africaines. 
209-233. 
(SUppl. A): 5-16. 
CUY, P. and C. ROY (E~s). Paris; ORSTOM 320-342. 
350-355. 
Variabilité, Instabilité et Changement. Paris; ORSTOM: 
525 pp. 
CIJRY, P., ROY, C., MENDELSSOHN, R., BAKUN, A., HUSBY, 
D. M. and R. H. PARRISH (in preparation) - Moderate is 
better: nonlinear climatic effect on Californian anchovv. 
CUSHING, D. H. 1975 - Marine Ecology and Fish‘eries. 
CUSHING, D. H. 1990 - Plankton production and year-class 
Cambridge; University Press: 278 pp. 
s&ength in fish populations: an  update of the matchhis- 
match hypothesis. Adv. mar. Biol. 2 6  249-293. 
DICKSON, R. R., KELLY, P. M., COLEBROOK, J. M., WOOSTER, 
W. S. and D. H. CUSHING 1988 - North winds and pro- 
duction in the eastem North Atlantic. J. Plank. Res. lO(1): 
DOMANEVSKY, L. N. and N. A. BARKOVA 1976 -Some pecu- 
liarities of sardine (Sardina pilchardus Walb.) distribution 
and spawning along the Northwest African coast. ICES Doc. . 
CM 1976/J6 15 pp. (mimeo). 
F.A.O. 1985 - Rapport de la troisihme réunion du groupe de tra- 
vail ad hoc sur la sardine Sardina pilchardus (Walb.). 
COPACEIPACE Sér. 85/39 157 pp. 
F.A.O. (in preparation) - Rapport de la quatrieme réunion du 
groupe de travail sur la sardine (Sardina pilchardus Walb.). 
FRÉON, P. 1988 -Réponses et adaptations des stocks de clupéid6s 
d’Afrioue de l’ouest 2 Ia variabilité du milieu et de I’ex- 
15 1-169. 
ploitadon. Analyse et réflexion à partir de l’exemple du 
Sénigal. Etudes et Thkses ORSTOM 287 pp. 
FURNESTIN, J. and M-L. FURNESTIN 1959 - La reproduction 
de la sardine et de l’anchois des côtes Atlantiquesdu Maroc 
(saisons et aires de ponte). Rev. Trav. Inst. Pêches marit. 
HUSBY, D. M. and C. S. NELSON 1982 -Turbulence and vertical 
stability in the California Current. Rep. Calif: coop. oceanic 
Fish. Invest. 23: 113-129. 
HUTCHINGS, L. and G. NELSON 1985 - The influence of en- 
vironmental factors on the Cape pelagic fishery. In Interna- 
tional Symposium on the Most Important Upwelling Areas 
off Western Africa (Cape Blanco and Benguela) 
[, Barcelona, 19831 1. Bas, C., Margalef, R. and P. Rubiés 
(Eds). Barcelona; Instituto de Investigaciones Pesqueras: 
LASKER, R. 1978 - The relation between oceanographic condi- 
tions and larval anchovy food in the California Current: 
identification of factors contributing to recruitment failure. 
Rapp. P-v. Réun. Cons. perm. int. Explor. Mer 173: 
LASKER, R. (Ed.) 1981 -Marine Fish Larvae. Morphology, 
Ecology, and Relation to Fisheries. Seattle; University of 
Washington Press: xiii + 131 pp. 
LEMASSON, L. and J. P. &BERT 1973 - Les courants marins 
dans le golfe ivoirien. Cah. ORSTOM, sé% Océanogr. ll(1): 
MACKENZIE, B. R. and W. C. LEGGElT 1991 - Quantifying 
the contribution of small-scale turbulence to the encounter 
rates between larval fish and their zooplankton prey: effects 
of wind and tide. Ma% Ecol. Prog. Ser. 73(2 & 3): 149-160. 
MENDELSSOHN, R. 1989 - Reanalysis of recruitment estimates 
of the Peruvian anchoveta in relationship to other population 
parameters and the surrounding environment. In The 
Peruvian Upwelling Ecosystem: Dynamics and Interactions. 
Pauly, D., Muck, P., Mendo, J. and I. Tsukayama (Eds). 
ICLARM Conf. Proc. 18: 364-385. 
MENDELSSOHN, R. and P. CURY 1987 - Fluctuations of a fort- 
nightly abundance index of the Ivoirian coastal pelagic 
species and associated environmental conditions. Can. J. 
Fish. aquat. Sci. 44(2): 408-437. 
MENDELSSOHN, R. and J. MEND0 1987 - Exploratory analy- 
-sis of anchoveta recruitment off Peru and: related environ- 
mental series. In The Peruvian Anchoveta and its Upwelling 
23(1): 79-104. 
523-540. 
212-230. 
67-95. 
146 
Benguela Trophic Functioning 
South African Journal of Marine Science 12 1992 
Ecosystem: Three Decades of Change. Pauly, D. and I. 
Tsukayama (Eds). ICLARM Stud. Rev. 15: 294-306. 
METHOT, R. D. 1989 - Synthetic estimates of historical abun- 
dance and mortality for northem anchovy. Symp. Am. Fish. 
MITI'ELSTAEDT, E. 1983 - The upwelling area off Northwest 
SOC. 6 66-82. 
Africa - a description of phenomena related to coastal up- 
welling. Prog. Oceanogr. 12(3): 307-331. 
ORBI, A., ROY, C., CURY, P. and S. BENCHERIFI 1991 - 
Abondance apparente des sardines marocaines de la zone A 
et variabilitk du recrutement. In Pêcheries OuesrAfricaines: 
Variabilité, Instabilité et Changement. Cury, P. i d  C. Roy 
ORSTOMPRU 1976 - Rapport du groupe de travail sur la sar- 
dinelle (S. aurita) des côtes ivoiro-ghankennes. Fishery 
(Eds). Paris; ORSTOM. 439-445. 
Research Unit Tema, Centre de Recherches Ockai- 
ographiques, Abidjan, ORSTOM 63 pp. 
PARRISH, R. H., BAKUN, A., HUSBY, D. M. and C. S. NELSON 
1983 - Comparative climatology of selected environmental 
processes in relation to eastem boundary current pelagic fish 
reproduction. In Proceedings of. the Expert Consultation to 
Examine Changes in Abundance and Species Composition 
of Neritic Fish Resources, San José', Costa Rica, April 1983. 
Sharp, G. D. and J. Csirke (Eds). FAO.  Fish. Rep. 291(3): 
PARRISH, R. H., NELSON, C. S. and A. BAKUN 1981 - Trans- 
port mechanisms and reproductive success of fishes in the 
Califomia Current. Biol. Oceunogr. l(2): 175-203. 
PAULY. D.. MUCK. P.. MENDO. J. and I. TSUKAYAMA (Edsl 
731-777, 
1989 - The Peruvian Upwelling Ecosystem: Dynamics 
and Interactions. ICLARM Conf. Proc. 18: 438 pp. 
PAULY, D. and I. TSUKAYAMA (Eds) 1987 - The Peruvian 
Anchoveta and its Upwelling Ecosystem: Three Decades of 
Change. I C M M  Stud. Rev. 15: 351 pp. 
PAYNE, A. I. L., GULLAND, J. A. and K. H. BRINK (Eds) 1987 
- The Benguela and Comparable Ecosystems. S. Afr. J .  
mar. Sci. 5: 957 pp. 
PETERMAN, M. R. and M. J. BRADFORD 1987 - Wind speed 
and mortality rate of a marine fish, the northem anchovy 
(Engraulis morda) .  Science, N.Y. 235(4786): 354-355. 
ROTHSCHILD, B. J. and T. R. OSBORN 1988 - Small-scale tur- 
bulence and plankton contact rates. J. Plankt. Res. lO(3): 
ROY, C. 1991 - Les upwellings: le cadre physique des pêcheries 
côtikres ouest-africaines. In Pêcheries Ouest Africaines: 
Variabilité, Instabilité et Changement. Cury, P. and C. Roy 
(Eds). Paris; ORSTOM 38-66. . .. 
ROY, C., CURY, P., FONTANA, A. and H. BELVÈZE 1989 - 
465-474. 
A :. 
Swaggies spatio-temporelles de la reproduction des clup6idts 
des zones d'upwelling d'Afrique de L'Ouest. Aquaí. Living 
Resour. 2: 21-29. 
SHANNON, L. V., CRAWFORD, R. J. M., BRUNDW, G. B. and 
L. G. UNDERHILL 1988 - Responses of fish populations 
in the Benguela ecosystem to environmental change. J. Cons. 
perm. int. Explor. Mer 45(1): 5-12. 
SHARP, G. D. and J. CSIRKE (Eds) 1983 - Proceedings of the 
Expert Consultation to Examine Changes in Abundance and 
Species Composition of Neritic Fish Resources, San José, 
Costa Rica, April 1983. F.A.O. Fish. Rep. 291(2): 1-553; 
SHELTON, P. A.. BOYD, A. J. and M. J. ARMSTRONG 1985 - 
The influence of large-scale environmental processes on 
neritic fish populations in the Benguela Current system. 
Rep. Calif. coop. oceanic Fish. Invest. 26 72-92. 
SHELTON, P. A. and L. HUTCHINGS 1982 - Transport of 
anchovy, Engraulis capensis Gilchrist, eggs and early larvae 
by a frontal jet current. J.  Cons. perm. int. Explor. Mer 
SINCLAIR, M. 1988 -Marine Populations. An Essay on Popula- 
tion Regitlation and Speciation. Washington Sea Grant 
Program, Seattle; University of Washington Press: 252 pp. 
SKUD, B. E. 1982 - Dominance in fishes: the relation between 
environment and abundance. Science, N.Y. 216(4542): 
SMJTH, P. E. 1985 - Year-class strength and survival of O-group 
clupeoids. Can. J. Fish. aquat. Sci. 42(Suppl. 1): 69-82. 
SMITH, P. E. and R. W. EPPLEY I982 - Primary production and 
the anchovy population in the southem Califomia Bight: a 
comparison of time series. Limnol. Oceunogr. 27(1): 1-17. 
WALTERS, C. J. and J. S. COLLIE 1988 -1s research on environ- 
mental factors useful to fisheries management? Can. J .  Fish. 
aquat. Sci. 45(10): 1848-1854. 
WARE, D. M. and R. E. THOMPSON 1991 -Link between long- 
term variability in upwelling and fish production in the 
northeast Pacific Ocean. Can. J. Fish. aquat. Sci. 48(12): 
WOOSTER, W. S., BAKUN, A. and.D. R. McLAIN 1976 - The 
seasonal upwelling cycle along the eastem boundary of the 
North Atlantic. J. mar. Res. 34(2): 131-141. 
WROBLEWSKI, J. S. and J. G. RICHMAN 1987 - The non- 
linear response of plankton to wind mixing events - impli- 
cations for survival of larval northem anchovy. J. Plankt. 
Res. 9(1): 103-123. 
WROBLEWSKI, J. S., RICHMAN, J. G. and G. L. MELLOR 1989 
- Optimal wind conditions for the survival of larval north- 
em. anchovy, Engraiilis morda: a modeling investigation. 
Fishery Bull., Wash. 87(3): 387-398. 
(3): 557-1224. 
40(2): 185-198. 
144-149. 
2296-2306. 
- 
